Abstract. Leber's hereditary optic neuropathy (LHON) is a maternally transmitted disease. Clinically, no efficient assay protocols have been available. In this study, we aimed to develop an oligonucleotide biochip specialized for detection of known base substitution mutations in mitochondrial DNA causing LHON and to investigate frequencies of LHON relevant variants in Anhui region of China. Thirty-two pairs of oligonucleotide probes matched with the mutations potentially linked to LHON were covalently immobilized. Cy5-lablled targets were amplified from blood DNA samples by a multiplex PCR method.
Introduction
Leber's hereditary optic neuropathy (LHON, OMIM #535000) is a maternally transmitted disease characterized by acute or subacute visual loss predominantly af-fecting young men [1, 2] . So far, more than 30 kinds of mtDNA mutations associated with the pathogenesis of LHON have been identified (http://www.mitomap.org). The LHON mutations are classified as primary and secondary mutations. The majority (> 95%) of LHON cases are known to harbor one of the three primary point mitochondrial DNA (mtDNA) mutations: 3460G > A (A52T, ND1), 11778G > A (R340H, ND4), and 14484T > C (M64V, ND6), all of which affect genes encoding complex I subunits of the respiratory chain [2] and are usually screened in any suspected LHON patients. Secondary mutations do not allow proving the clinical diagnosis of LHON; their presences increase the probability and modulate the phenotype of LHON [3] . In addition, the mutations 3376G > A in the MTND1, 13045A > C in the MTND5 and 7444G > A in the MTCO1 associate with overlap syndromes of both LHON and either Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like episodes (MELAS) [4] , or MELAS/Leigh's Syndrome (LS) [5] , or Sensorineural Hearing Loss (SNHL) [6] , respectively. The pathogenesis of LHON remains unclear. Deficiency in respiratory chain function and reactive oxygen species (ROS) resulting from mutations in mtDNA are believed to play a pivotal role in the pathophysiology of the disease [7] . Clinically, although the primary etiological factor of LHON is an mtDNA mutation, the presence of a primary mtDNA mutation does not necessarily lead to visual loss. A small number of patients lacking any of the three primary mutations have been reported [8] ; in these cases, the segregation of rare pathogenic mtDNA mutations has been observed, making genetic counseling of a patient and his family or confirming a specific diagnosis a great challenge. The marked incomplete penetrance and gender bias indicate that additional genetic (nuclear or mitochondrial) and epigenetic factors may also be involved [9] .
The principal difficulty for clinicians in clinical diagnosing of mtDNA relevant diseases is in that either the patients with mtDNA disease rarely have a classic phenotype or mtDNA falls into the differential diagnosis of other clinical syndromes [10] . Molecular genetic studies of mtDNA are helpful in the understanding and classification of the mitochondrial diseases. To date, a variety of single nucleotide polymorphisms (SNP) typing technologies have been broadly applied, for instance, restriction fragment length polymorphism analysis (RFLP), single strand conformation polymorphism (SSCP), real-time polymerase chain reaction, DNA sequencing, denaturing gradient gel electrophoresis, electrochemical and microgravimetric measurements [11] , minisequencing [12] , pyrosequencing [13] and biochip [14] . High throughput biochips are initially developed to analyze the expression profiling of RNA transcripts in parallel and then adapted to analysis of the genome to study DNA sequence content. By employing array-based technologies, dramatic discoveries of key variants involved in human multiple complex diseases and related traits have been reported [15] , rooting in the biology of these disorders and opening up new accesses for investigators to address novel molecular pathways that were not previously linked to or thought in relation with these diseases [14, 16] . With the advent of an increasing range of new mtDNA mutations identified and the requirement for fast molecular defining, there is a need in the molecular diagnostic palette to detect clinically relevant levels of mutations in a reliable, time-and cost-effective manner. Currently, regardless of high density of biochips, functional or nosological biochips that specially focus on dozens or hundreds of features interested have been under development, making it more efficient and effective in discriminating valuable molecules, offering clinical diagnosis, and guiding individual treatments.
In this study, we developed a biochip based method for simultaneous screening of 32 known base substitution mutations that may cause LHON, and evaluated the feasibility of this biochip format in diagnostics of LHON mutations in the gmtDNA gene.
Patients and methods

Patients and mtDNA samples
Six clinical confirmed LHON cases with the known primary mutations 1778G > A (4 cases) or 14484T > C (2 cases), eighteen affected patients, 52 unaffected family members from fourteen LHON pedigrees, and 25 unrelated control individuals were collected during June 2005 and May 2006 in Anhui region of China. Consensus diagnosis of LHON was performed by two experienced ophthalmologists based on clinical findings. A bilateral vision impairment leading to blindness was present in all the 18 LHON patients. Gender ratio of the patients was 2.6:1 (13 males and 5 females). Mean disease onset age was 23 years ± 11. Informed consents were obtained from all the participants. This study was approved by the ethics committee for genome research of the Anhui Medical University of China. Mitochondrial DNAs of peripheral blood samples from LHON symptomatic cases, asymptomatic maternal relatives and unrelated population-matched controls were prepared by using FlexiGene DNA kit (Qiagen, Shanghai, China) according to the manufacturer's protocol.
Design of oligonucleotide probes
Thirty-two known mutation sites associated with LHON (Supplementary Table 1) were selected according to the MITOMAP database (http://www.mitomap. org) and human mitochondrial DNA revised Cambridge reference sequence [17, 18] . Thirty-two pairs of allelespecific probes were designed by Primer Premier (version 5.0, Premier Biosoft international, Palo Alto, CA) and were synthesized by TaKaRa Biotechnology Inc. (Dalian, China). Each pair of the probes specific for a given mutation site shared an identical sequence with the exception of a single base substitution near the middle of the probe sequence. All the probes contained a C6 amino linker at their 5'-ends for covalent attachment onto aldehyde-coated slides. A spacer arm with a 15mer-poly (T) oligonucleotide was inserted between the probe sequence and the amino linker molecule to decrease steric interference on the biochips. The probe sequences were listed in Supplementary Table 2.
Slides and biochip manufacture
Aldehyde-coated glass slides were purchased from CEL Associates Inc. (Houston TX, USA). The biochip manufacture was performed as described previously [19] . Briefly, the thirty-two pairs of the allele specific probes were prepared in a final concentration of 12.5pM by a spotting solution (TeleChem International Inc., Sunnyvale, CA, USA) and robotically printed onto the activated glass slides (0.5nl/spot) by means of a PixSys 7500 arrayer and a CMP3 spotting pin (150 µm, Cartesian Technologies, Irvine, CA, USA). Three replicate spots of each probe were aligned in the same row of the biochips. A mixed solution from all the probes was used as an internal positive control (P) and spotted in a column on the left side of the biochip layout. Spotting solution was printed as a background (N) in the bottom right hand corner of the biochip layout (Fig. 1) . After the spotting procedure, the biochips were immobilized in 70% humidity environment at 25
• C for 48 hours and stored at 4
• C.
Multiplex PCR amplification of mtDNA targets
Eleven pairs of PCR primers were synthesized by Sangon Biological Engineering and Technology and Service Co. Ltd (Shanghai, China). The primer sequences were listed in Supplementary Table 3 . Amplifications of Cy5-lablled mtDNA targets containing the above-mentioned 32 mutation sites were achieved by three multiplex PCR reactions with a multiplex PCR Kit (TaKaRa Biotechnology, Inc., Dalian, China). Each PCR mixture (25 µl) contained 100ng of DNA, 1xPCR buffer, 1.5 mM MgCl 2 , 200 µM of each deoxynucleoside triphosphate (Boehringer Mannheim, Mannheim, Germany), 32-400 nM of each primer, and 1.5U of Taq DNA polymerase. The PCR thermocycling condition was as follows: 94
• C for 5 min; 35 cycles with denaturizing at 94
• C for 30 s, annealing at 60
• C for 60 s, and elongation at 72
• C for 90 s; followed by a final elongation step at 72
• C for 10 min in a Programmable Thermal Controller (MJ Research Inc.). PCR products were subjected to a 2.0 % (wt/vol) agarose gel electrophoresis.
Biochip assays for the LHON patients with mtDNA mutations
Cy5-labelled targets from LHON cases, family members and the controls were respectively amplified by the multiplex PCR method. Hybridization was performed as described previously [19] . Briefly, the three unpurified Cy5-labelled PCR products were pooled. Five µl of the pooled target was mixed with 10 µl DIG Easy Hyb solution (Roche Molecular Biochemicals, Laval, Quebec, Canada), then denatured at 95
• C for 5 min, and immediately quenched on ice for 5 min. The hybridization solution was applied on the biochips and covered with glass coverslips. Hybridization was performed for 1 hour at 35
• C in a humidity chamber. The biochips were washed once in 2xSSC-0.1%SDS solution at 30
• C for 10 min, followed by additional wash in 0.2xSSC-0.1%SDS solution at 30
• C for 5 min to diminish unspecific binding, and then dried with a stream of nitrogen. The fluorescence signals from all the spots on the biochips were captured by a fluorescence signal reader (GenePix 4000B, Axon Instruments, Inc.) at wavelength 635nm for Cy5. Average fluorescence intensities from the three spots at each concentration were quantified with an array acquisition and analysis software (GenePix Pro 4.0). To discriminate genotype at a given site and to minimize the bench affect between experiments, a diagnostic factor of 3 from the ratio between wild type (wt) and mutation (mut) was used [20] . Sample with the factor over 3 was referred to as a wild type and the factor below 0.3 was interpreted as a homoplasmic mutant. The mutation indicated a heteroplasmy if the factor varied between 0.3 and 3.
Genotyping by pyrosequencing
To confirm the mutations 11778G > A, 14484T > C, 3460G > A and 13708G > A in the LHON cases determined by the biochip, pysequencing was performed. The forward and reverse PCR primers and internal sequencing primer were designed using Pyrosequencing Assay Design Software • C 5min. Templates for each pyrosequencing assay were purified from a 40 µl PCR reaction volume. Genotyping was performed at room temperature using an automated pyrosequencer (PSQ 96MA Pyrosequencer, Biotage, Uppsala, Sweden) and a PSQTM96 Pyro Gold reagent kit according to our previous report [21] .
Sequencing analysis
Likewise, the genotyping results of the biochips in the LHON patients and the controls were also validated by direct sequencing. Eleven individual PCR products were amplified by the identical PCR primers used in biochip assay. Forward primers in PCR reactions were used for sequencing. The direct sequencing was performed at Shanghai Invitrogen Biotechnology Co., Ltd with an ABI PRISM dye terminator cycle sequencing ready reaction kit (Perkin-Elmer, Applied Biosystems, Foster City, California) and an ABI 377A automated DNA sequencer. The sequences were analyzed with Sequence Navigator software (Perkin-Elmer, Applied Biosystems).
Results and discussion
Validation of biochip detection for the primary mitochondrial LHON mutations
Here, we established a simple oligonucleotide biochip format and validated the potential of this biochip in the interrogation of two known primary mutations (11778G > A and 14484T > C) from six confirmed LHON DNA samples. We obtained 11 amplicons containing 32 selected mutations by a multiplex PCR method. Targeting of neighboring mutations was achieved with the aid of either H or L chain probes. Five µl of unpurified multiplex PCR pooled solution was used for on-chip hybridization of the 32 pairs of the features. We found that only the probes that perfectly matched the corresponding targets were successfully detected. The primary mutations were interpreted by the biochip to be homoplasmic with a wt/mut ratio factor of 0.21 at the sites of 11778 (Fig. 2) and 0.01 at 14484 (Fig. 3) . The wt/mut ratio values in these cases were all over 3 at the internal reference wild-type sites on the biochip, ranging from 4.5 to 368.3. The panel of the 32 known mutations in all the unrelated controls showed homoplasmic wild-type sequences entirely. The ranges of wt/mut ratio values in the controls varied between 4.2 and 357.4. The fluorescence signal resolution of each spot on the biochips appeared high enough for discrimination of homoplasmic and heteroplasmic mtDNA mutations individually. The biochip met the need of LHON mutation assay.
Comparison of three SNP typing methodologies in detecting LHON mutations
In this study, the mutations and their homoplasmic or heteroplasmic status in LHON by the biochip were further confirmed by both direct sequencing and pyrosequencing. In this study, we amplified and purified 11 individual PCR fragments and performed the subsequent direct sequencings for each sample to achieve the 32 mutations. Direct sequencing by the Sanger method is broadly used for mutation detection in genes, being able to span longer DNA stretch, to offer reading of flanking sequences near the SNPs in question and to reveal any novel and known rare disease causing mutations that have not been reported as having demonstrated risk in the population. However, analysis of mtD-NA variation with this method does not allow accurate quantification of the components of mtDNA mixtures [10] . The effort that it adds achieves little clinical value for whole-mtDNA genome variant analysis, as a result of being laborious and time consuming. Pyrosequencing technique, on the other hand, can be applied for genotyping and sequence determination in mixtures of mtDNA [12] , but the attempt to comprehensively target the important informative variants ranging the entire mitochondrial genome was only possible using various individual pyrosequencing reactions on a number of PCR fragments [22] . In this study, we carried out 4 individual PCR amplifications and 4 pyrosequencing reactions (40µl of PCR solution) for each sample to achieve the 4 mutation analyses (11778G > A, 14484T > C, 3460G > A and 13708G > A). Obviously, the limits of pyrosequencing method are lower through-put in the SNP mode, larger experimental material consuming and still lab intensive. Instead, our results showed that this biochip format was very flexible and amenable to the specific identification of mtDNA mutations with a single base mismatch and their homoplasmic status in LHON. Detection of all the 32 mutations in LHON took only five hours through all the procedures of PCR amplification and biochip assay. The template preparation was performed in one multiplex PCR reaction (25 µl in each). The main advantage by the biochip over direct sequencing and pyrosequencing was that this simple handling protocol could capture the 32 LHON mutations in mtDNA for massively parallel genotyping in a smaller amount of reaction volume (5 µl of unpurified PCR solution in each sample) and enable analysis of the mutations in LHON mtDNA at the same time. The biochip results were in full accordance with DNA sequencing and pyrosequencing, proportional to the presence of the homoplasmic mutations 11778G > A, 14484T > C, 3394T > C and 3460G > A, 13708G > A and 11719G > A or the heteroplasmic 11778G > A mutation (Fig. 4) in the LHON symptomatic cases and asymptomatic family relatives as well as the absence of all the potential mutations in the control donors, demonstrating that the three methods shared a compatible competency in proving the LHON related mutation sites. 
Clinical analysis of LHON pedigrees
The diagnosis of LHON usually needs to be confirmed by molecular genetic analysis for one of the three primary mtDNA mutations of LHON: 3460G > A, 11778G > A and 14484T > C [23] . Kim identified the three mutations in 60 (73%) of the 82 probands of Korean LHON. The frequencies of 11778G > A, 14484T > C and 3460G > A were 56% (46 cases), 16% (13 cases) and 1% (1 case), respectively [24] . In this study, we investigated 18 symptomatic cases and 52 asymptomatic relatives from 14 Chinese LHON pedigrees by the biochip method and found that 12 of the patients carried one of the primary mutations 11778G > A, 14484T > C or 3460G > A, respectively, accounting for 66.7% (12/18 cases). Of which the mutation 11778G > A was prevalent (55.5%, 10 of 18 patients). The mutations 14484T > C and 3460G > A occurred in two individual probands (5.6%, 1 of 18 patients, respectively). It was reported that heteroplasmic frequency of 11778G > A in LHON symptomatic cases was lower than that in their asymptomatic maternal relatives, 12.9% vs. 40% [25] . In this study, all the mutations of 11778G > A in 10 LHON symptomatic cases were homoplasmic, showing wt/mut ratio factors of < 0.3 (0.01-0.25), while 2 of 11 asymptomatic maternal relatives carrying the mutation 11778G > A appeared heteroplamic. The ratio factors were 1.11 and 1.34, respectively. The frequencies in the both genotypes accounted for 0% vs. 18.2%, respectively. These data might partially suggest that the threshold effect of mutants or relative proportions of wild type versus mutated mtDNAs would attribute to the variable clinical features. Furthermore, our biochip data showed that a coexistence of the primary homoplasmic mutation 3460G > A and the homoplasmic mutation 3394T > C took place in an individual LHON case (Fig. 5) . The wt/mut ratios were 0.24 at 3460G > A and 0.16 at 3394T > C, respectively. Also, the homoplasmic mutation 13708G > A alone occurred in a proband with a wt/mut ratio of 0.08 (Fig. 6 ) and all his asymptomatic maternal members with wt/mut ratios ranging 0.08-0.19 in a typical LHON pedigree, devoid of the three primary mutations. Therefore these results indicated that the mutations 3394T > C and 13708G > A might be involved in LHON pathogenesis by means of aggravating primary mutations in combination or exerting its pathogenic effectiveness alone. The SNP 11719G > A would be a potential genetic bio-barcode of human mitochondrion in China as a result of that it emerged in all the samples tested. In this study, the questionable evidences that five probands presenting typical LHON neurological symptoms did not harbor any characteristic mutations described above implied that there would be either an alternative pathogenic mtDNA mutations beyond the panel selected or an overlap case harboring mtDNA mutations that have not yet been identified or a defect derived from unknown nuclear gene and/or other factors contributing to the strikingly different penetrance of LHON. The details need to be investigated further.
Conclusion
We developed a novel biochip-based genotyping method for detecting and discriminating of single base substitution in mtDNA of LHON and evaluated the feasibility of this biochip format in diagnostics of the entity. By means of a multiplex PCR amplification, thirtytwo mutations were interrogated on one biochip in a single reaction in LHON pedigrees and healthy individuals. The biochip was simple, efficient and reliable. The technique would easily be implemented in clinical applications.
